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Program Objective
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* Milestones
- Linear Photodetectors, 1-20 GHz, 60 -72 dB Dynamic Range at IOp
- High Current 100-500 mA, 0.5 to 20 GHz PDs

* Involvement
- Naval Research Laboratory (NRL)
 Design, Modeling, Testing, Analysis, System Needs & Insertion
- University of Texas, Austin (UT)
- Design, Prototype Fabrication, Basic Testing & Resonant Cavity Designs
* Plan
- Linear PDs
 Leverage existing NRL PD model to handle space-charge and
structure effects. Determine limiting NL mechanisms and investigate
material limitations.
- High Current PDs
« Investigate alternative absorber types, structures
resonant cavity designs, and alternative material systems.
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Dynamic Range
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Minimizing Phase-Matched Electronic Gain
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High Speed Digital Receivers
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High Current
Photodetector
Design
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Photodiode Compression
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Space-Charge Effects - 20 GHzPDs
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Thermal Failure
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* J. Paslaski, “High Power Microwave Photodiode for ...” OFC’'94, Paper ThG5
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Photodetector Thermal Model
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Photodetector Thermal Impedance
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Absorber-Only o - 4/2
Thermal Impedance: K mh?
T
Temperature Dependent 0P = Ik(T)dT
Thermal Conductivity: k( o)1
Substrate-Only
Thermal Impedance:
0., (r,7)= d, ' Z Slﬂh( @1(dy —2)) Ji(@h)Jo(@r)

k27tb2 k2 hb ™ 2 1(P1 cosh(@id,)  Jo*(@;b)

d, = Absorber Thickness . k, = Substrate Thermal Conductivity
k, = Absorber Thermal Conductivity b = Substrate Radius

h = Radius of Absorber (Incident Beam) J.(p. b) =
d, = Substrate Thickness BaE
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Maximum Possible Power Dissipation
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Geometry Optimization
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 Thinner, Thinner, Thinner
« Lower Quantum Efficiency
* Double- or Multi-Pass Absorbers
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High Current Photodetector Design Issues
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 Minimize Space-Charge Effects
minimize power density
internal design (i-region + illumination conditions)

 Minimize Thermal Effects - A Failure Mechanism
minimize thermal impedance
minimize voltage required to maintain response

* Minimize Nonlinear Recombination
device structure

e Other Structures
traveling-wave structures (Waveguide, Discrete)
devices w/doped absorbers & nonabsorbing drift layers

[ ) A
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p-I-n Structures under Investigation
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. type 5
/V» < = _\j\
p-Sidel] | Qo é’ n-Sidel]

llumination |E o = | lllumination
©) 8 Q.
<
Applied Reverse Load

Bias, \4
Conventional: p** InGaAs or InP, i-InGaAs, n* InP
Dual Depletion Region (DDR): i-InGaAs & i-InP

Uni-Traveling Carrier (UTC): p-InGaAs, i-InP or InAlAs
Germanium: Ge-pin

Resistor
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Relevant Material Characteristics
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Properties InGaAs Ge InP Si | GaAs
Electron Mobility (cm?®/Vsec) 8000 | 3900 | 4000

Hole Mobility (cm?/Vsec) 300 1900

Electron Velocity @ E=20kV/cm (cm/s) 10 X 10°| 6 X 10° | 15 X 10°

Hole Velocity @ E=20kV/cm (cm/s) 3X10° | 6 X 10°

Electron Velocity @ E=100 kV/cm (cm/s) 6X10° | 6 X 10° | 8 X 10°

Hole Velocity @ E=100 kV/cm (cm/s) 5X10° | 9 X 10°

Thermal Resistivity (j C-cm/W) 21 1.67 1.47 0.67 | 217
Maximum Electric Field (kV/cm) 200 125 >300

Absorption Coefficient @ 1.32 pm (um™) 1.15 0.74

Absorption Coefficient @ 1.55 pm (um™) 0.68 0.046
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Other p-i-n Structures & Materials
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High Current
Photodetector
Design Optimization

» Consider First a 20 GHz DDR PD
- 25 ym Dia, 15 ym Spot Size, 1um i-region length




Dual Depletion Region PD Simulations ™
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n-side llluminated DDR PD Sims
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Designing for Maximum Current
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* Optimum design occurs when the shape of hole

and electron densities distributions are equivalent
(Equal numbers of holes and electrons in i-region)
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p-side llluminated DDR PD Sims ™
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Preliminary Observations - InGaAs/InP ™"
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« Uni-Traveling Carrier (UTC) Design Less Desirable
from Space-Charge Perspective

 Desire Charge Balance Within Intrinsic Region

* Need Some Intrinsic InP For High Electrical Power
Handling (50-75% of i-region preferred for n-side
illuminated) - Multipass or p-InGaAs to maintain QE

* n-side llluminated DDR PDs may outperform p-side
llluminated Devices (more optimum for higher
percentage of I-InP)

* Need Another Independent Variable for Optimization
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Charge Compensation - 100% InGaAs p-side
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Charge Compensation - 50/50 InGaAs/InP
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« Charge compensation can be used to approximately double
photocurrent of uncompensated design
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Fabrication of UTC
Photodiodes
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Saturation Current Measurement Setup
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Power Supply

VOA
High Power DFB Laser @ Term
350mA, 45mW 95% .
coupler fiber -
Isolator Current meter
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[} pee aser @ ]
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0= Head
XYZ
Sweep Oscillator ) = Lo
20GH2 Manlpulﬁtors Bias Tee
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Spectrum Analyzer
50GHz
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InP-Based UTC Photodiodes
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p:InGaAs absorption layer

& Electron drift layer
- E:m oo RO,
¢ n-Contact
p-Contact i:InP /
\ n*:InP | InP
substrate

Single-carrier (electron) transport

High Speed
High Electrical Power Dissipation Levels
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InP-Based UTC Photodiodes

N R ICROWAVE PHOTONICS
5650 ./ VWi

30um

30nm InGaAsp*:1x101°

500nm InP p"‘:1><1019 .

200nm InGaAs p:2x1013 104
200nm InP “i”< 5x107° '

700nm InP n*:1x101°

n+:InP substrate
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Saturation characteristics of InP UTC PIN
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Diameter = 30 um
“i” layer thickness = 0.2 um

Saturation begins at 2mA @ 2V Saturation begins at 4mA @ 3V
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Saturation characteristics of InP UTC PIN
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4.4mA at 7GHz without saturation
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ICROWAVE PHOTONICS
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500nm Ing 5,Al, 46AS p*:1x101°
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InAlAs UTC PIN with Graded Heterojunction Interface
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heterojunction interface

107
10°%
10-9 ¥
1010 |
1011
1012 |
10—13 L
1014 ] | ] ! | I
0

Dark current

Current (A)
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InAlAs UTC PIN with Graded Heterojunction Interface

N R ICROWAVE PHOTONICS
5650 ./ VWi

Relative Response (dB)

_ | | | |
700 2 4 6 8 10

Frequency (GHz)
Saturation current > 9 mA at 7 GHz
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InAlAs UTC PIN with Graded Interface and  Urclassfie

N R [AEovAvE proroncs Absorption Layer
AT = -
Superlattice-graded
heterojunction interface
p':InAlAs
p-type
[nAlGaAs
“1":InAlAs
InP
oF n*:InAlAs
Graded absorbing layer
Depletion layer

Graded absorption layer

U

Increase the electron velocity

"

Higher bandwidths

A
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N R ICROWAVE PHOTONICS
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Linear
Photodetection
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Nonlinear Mechanisms

N R ICROWAVE PHOTONICS

o | Included in
Mechanism Present 1-D Model
Space-Charge Electric Fields Yes
Scattering - Lower Carrier Mobilities Yes
Loading in the External Circuit Yes
Generation in Undepleted Regions Yes
Diffusion Yes
Trapping Partial
Heterojunctions Partial
Finite Carrier Acceleration Time No
Transient Temperature Rise No
Carrier Bleaching No

Free Carrier Absorption No

) ) . . . . P
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Photodetector Nonlinearities

ICROWAVE PHOTONICS
5650 ./ VWi

NR

Space-Charge-Induced Time Delay Harmonic Distortion
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Transport Equations

N R ICROWAVE PHOTONICS
5650 ./ VWi

op ]

5 -0 —R—EV ' (derift + Jpdiff )
on Il on 9v, dD, on 9%n
S a_p__— 9. n n D Z—
ot O TR Tk Tk ax TP 52

V.E = %(p-nJrNd-Na)
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Carrier Velocity Nonlinearities

N R ICROWAVE PHOTONICS
5650 ./ VWi

aVn aVn a(l_zdark + Esc) ’ ’
n = n ) ESC oc (p T n )
0x oE 0x
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Nonlinear Recombination

N R ICROWAVE PHOTONICS
5650 ./ VWi

Responsivity (Current)

p-region depletion region  1-region
(Na=5x 108 cdge  (Ng=5x10%5 Z A, 3OMA
Low Current: _ © 5 == cmas ) SMA
absorption recombination %
. 2 et D 0mA
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Nonlinearities from NL Recombination

N R ICROWAVE PHOTONICS

5650 "\ \WW\-»> 5044
< f §
DC & RF QE (Power) 5 043 | 5
§ 0.42 | /‘/
QE=I/P=c, +c,P S oa b L a
£ : c, = 0.40085 ]
| = c,P + c,P? R S c,=0.00033429 -
§039 bt v d v g g
_ 0 20 40 60 80 100
P= C3(1 +sinwt) Input Power (mW)
I(ZQ)) C2C32 _50'5 5 GHz Fundamental — w/pabs ]
= 70 A T w/o pabs
I((D) 2C1 C3 + 4C2C32 F - ond Harmonic

90 |
110 g

—
w
o

Microwave Power (dBm)

= -59.6 dBc

For Cy = 2.5 mW (1 mA) ~ Average Detector Current (mA)

—_
3
o
N B
—_




N R ICROWAVE PHOTONICS

Linear PDs for PADCs

6650 ./ \V VWi

Pulsed Simulations
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Integrated QE Nonlinearities
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-> QE Nonlinearities may
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UTC Photodetector - Intevac*

N R ICROWAVE PHOTONICS

5650 "\ \WW\-»> .
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UTC Photodetector - Nonlinearities

N R ICROWAVE PHOTONICS
5650 ./ VWi

Frequency Response (Current)

RF Nonlinearities
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NEL UTC Photodiode - 50 GHz BW

N R ICROWAVE PHOTONICS
5650 ./ VWi

DC QE Nonlinearity
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Nonlinear Capacitance

N R ICROWAVE PHOTONICS
5650 ./ VWi

Decreasing Capacitance
w/Increasing Current
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Static Capacitance

N R ICROWAVE PHOTONICS
5650 ./ VWi
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Nonlinear Capacitance - Simulations
NR ICROWAVE PHOTONICS
dQ

Capacitance = qv

Dark Conditions Under lllumination
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Carrier Density Calculations

N R ICROWAVE PHOTONICS
5650 ./ VWi

Carrier Densities under
Dark Conditions And for

20 mA Photocurrent Zoom on n-side
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N R ICROWAVE PHOTONICS
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Germanium
Photodetectors
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Germanium PINs: Fabrication & Testing at UT

N R ICROWAVE PHOTONICS
5650 ./ VWi
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* Interdigitated p-i-n (finger width = 2 ym,
finger spacing = 5 um)
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Commercial Germanium Photodetectors

N R ICROWAVE PHOTONICS
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Compression Current Frequency Response
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Commercial Germanium PD Nonlinearities

N R ICROWAVE PHOTONICS

5650 . VW
Responsivity Harmonic Distortion
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Germanium Simulations

N R ICROWAVE PHOTONICS
5650 ./ VWi

Carrier Velocities Calculated n, p & E-Field
10° ¢ N — (o — ey 20
—~ I ; F | = 0.90mA, p-side lllum. ;
L S 10" E 10 M
= e | 2
=107 N 5107 20 &
? : //}ef Fg % 1016 holes....... electrons ] -40 (-|>'|
&) i _ |
% 'electron/ ce /ﬁ;: ] éCJ 10" h / \ ] -60 %
>106 / / / - L;D—C:FJ” /\ =
| - - / / = .q!:J 1014 " T _80 S
0:3 E/ hole hole ] = e | \\J %
s [ 1 O 1o ered o J-100%
@) / ] ol
10° 10 b b L e L e 1 90
0.1 1 10 100 1000 O 02 04 06 08 1 12 14 16
Electric Field (kV/cm) Diode Position X (um)

Approved for public release, distribution unlimited \y/jjliams p. 57 , 30-July-01



Unclassified

Germanium E-Field Simulations - 20 GHz PD

N R ICROWAVE PHOTONICS

5650 . VW
p-side lllumination n-side lllumination
—~ 0 =< o} ”
- [
2 %\___\ E [ —
Z 100 [ == \ViiS = ] = 100 ot £ —
O o ! %
L 200 L 200 | 7
LL ™ [ V/(
o | o | /
3 -300 | S -300 | _
m [ n V 0to 140 mA ]
- 0to 200 mA, 20 mA Increment ) - 10 mA Increment
00 b 400 L bbb i i i
0 02 04 06 08 1 12 14 1.6 0 02 04 06 08 1 12 14 1.6
Distance (um) Distance (um)

« Charge Compensation should be used to minimize peak
Electric Fields

- 25 ym dia, 15 ym Spot Size, 1-um i-length
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Accomplishments

N R ICROWAVE PHOTONICS
5650 ./ VWi

* Incorporation of InP and Ge Transport
Properties into Numerical Model

» Comprehensive Modeling to Design
p-i-n Structures Optimized for High
Power

 Fabrication of UTC and Ge PDs

Most Significant
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Program Roadmap reesstes

N R ICROWAVE PHOTONICS
5650 ./ VWi

» |dentification of Limiting Nonlinear
Mechanisms - Dec 2001

* Fabrication of 100 mA PD - June 2002

 Fabrication of 60 dB Dynamic Range
Photodetector - June 2003

» Fabrication of 500 mA PD - Sept 2003
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